Nuclear magnetic resonance relaxation times (T, and T2) were measured for flocculated and unflocculated samples of activated sludge. The weight of water and solids in the sludge samples was found and related to T, to find the relative percentage of bound water. The results suggest that the amount of bound water increases as the samples become more unflocculated. The values of T, and T2 also indicate that unflocculated individual particles are characterized by loose packing of shorter molecules and that the addition of larger molecules may induce flocculation.
In wastewater treatment processes, the sludge-dewatering step is important both from a conservation perspective and in terms of the economics of the method and costs of disposal. Sludge particles are most stable in suspension and are difficult to dewater at a size of about 1 ,um. However, if sludge flocculation occurs or is induced, the sludge will dewater more efficiently. Therefore, a greater understanding of flocculation and its effects can lead to more efficient operation.
Unfortunately, flocculation of biological sludges is not well understood mechanistically or quantitatively. The ease of dewatering is related to flock particle formation. This study describes the investigation of the properties of bound water in sludges of various degrees of flocculation by nuclear magnetic resonance (NMR) spectroscopy.
NMR techniques have been used quite effectively to study bound water in biological systems (9, 14, 15) . Application of a resonant radiofrequency to biological molecules, cells, and tissues may cause the protons of the water to be excited. When the protons return to the ground state, the excess energy may be dissipated in two ways: (i) spin-lattice or longitudinal relaxation, in which the energy is transferred to other nuclei around the excited proton (relaXation time, T1); and (ii) relaxation from spin echo or loss of phase coherence between two nuclei in close proximity (relaxation time, T2). Dipole-dipole coupling effects contribute significantly to both types of relaxation in water analysis by NMR (11) .
By using pulsed NMR, the time required for relaxation, characterized by T1, can be measured. Water molecules in different environments will have different relaxation times. These relaxation times give information about the mobility of the water molecules, since they are shorter for tightly bound molecules. Initially, the sample protons are placed in a permanent magnetic field which aligns the spinning nuclei so that their induced magnetic fields are parallel to the permanent magnetic field, denoted as the z direction in Fig.  1A . When a 900 radio-frequency pulse is applied to the sample, the magnetic component of the radiofrequency pulse flips the spin-induced magnetic field so that it is perpendicular to the permanent magnetic field and is aligned in the y direction (Fig. 1B) . Under the influence of the permanent magnetic field, the spin-induced field begins to return to the equilibrium z position (Fig. 1C) . After the first * Corresponding author. 900 pulse, at some time T the sample is subjected to a second 900 pulse in the x direction, perpendicular to the z and y directions. This pulse changes the total spin-induced magnetic field to the x direction. The destructive interference by the electromagnetic wave generated by the z vector reduces the amplitude of the spin-induced magnetic field and the relative amplitude measured with respect to the first 900 pulse, since it is at a maximum with no interference. By varying the variable delay of the instrument, it is possible to change the value of T. As T is increased, the excited nuclei have more time to interact with the matrix of the sample lattice, so that they have more time to lose their excitation energy to the matrix, will return closer to equilibrium, will have a larger z component, will cause greater destruction of the amplitude, and will give a lower reading. A plot of the difference between the amplitudes of the first and second pulses (after time T) versus the value of T gives a decay-type linear curve on semilogarithmic paper. By definition, the relaxation time of this exponential function is the time taken for the amplitude to relax to e-1 (63%) of its original (first-pulse) value.
Beall et al. have compared the T1 values for various biological samples with that for pure water and found T1 to be much lower in biological samples (1, 2). Bratton et al. (3) and Cooke and Wien (6, 7) have studied exchange rates between bulk water and bound water. James and Gillen (10) and Udall et al. (13) have correlated T1 and bound water values in various biological samples.
T2 is measured by averaging the spin echo. Again, the spinning nuclei are aligned with the external magnetic field in the z direction ( Fig. 2A ) and a 90°pulse is used to flip the direction of the spin-induced fields in the y direction. For this measurement, however, the magnetic component in the xy plane generates the signal shown in Fig. 2B . Since the nuclei are spinning, as they return to the equilibrium z position they are precessing about the z axis (Fig. 3A) . As a result, the magnetic components in the xy plane contain different nuclei with components in different directions (Fig.  3B ). The constructive interference of the different components creates an echo in the y direction, which fades as the precessing nuclei return to equilibrium. This free induction decay is measured as T2, and because the echoes decrease with time, a decay curve results. (5) 
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Pulsed NMR measurements were made with a Praxis 7_____ model PR-103 NMR analyzer spectrometer operating at 10.72
MHz. T1 was measured by subjecting the sample to a 90'-'r-900 pulse sequence while varying T and plotting the data as X described above. The error associated with these T1 measurements was ±1.0 ms. T2 measurements were made by increasing the slit width and averaging the resulting decreasing signals to yield the decay. The error associated with T2 measurements is ±0.10 ,us. from all the samples, and so the other plots are not shown. Figure 5 illustrates data plotted for a T2 analysis of the centrifuged, flocculated sample. Again, the data and plot are typical for all the samples analyzed, and only this one plot is shown for brief illustration. Table 1 shows the composition of the samples and the resulting T1 and T2 values. The unflocculated, centrifuged sample contains slightly less water than the flocculated, centrifuged sample. This result was unexpected and indicates that even mild centrifugation destroys the water structure and permits more compaction of the solids in the unflocculated sample. The sedimented samples show results congruent with expectations; i.e., both flocculated and unflocculated samples contain more water than do the corresponding centrifuged samples, and the unflocculated, sedimented sample contains more water than does the flocculated sample. Supernatant fluid from the unflocculated samples prepared by sedimentation only and a mixture of albumin protein with the supernatant were also prepared to see whether they would serve as controls. T1 values were plotted by the method of Udall et al. (13) , and the slopes were calculated to determine the relative water content in the samples. Figure 6 presents a typical plot used for this calculation, and Table 2 presents these results for the sedimented samples.
DISCUSSION
The T1 values for the centrifuged samples were smaller than those for the sedimented samples. The greater the T1, the more mobile is the water. T1 for pure water is 3,000 ms. T1 for the flocculated, centrifuged sample was 46.5 ms, and Fig.   5 ; the second value corresponds to the second slope.
T1 for the unflocculated, centrifuged sample was 45.0 ms. Corresponding T1 measurements for the flocculated, sedimented and unflocculated, sedimented samples were both 73.2 ms. T1 for solids is of the order of seconds. Since the only other source of protons in the sample is bound water, these T1 values, which are lower than the free water value, must be due to the bound water. The large difference in T1 between the centrifuged and uncentrifuged samples shows sedimented sludge Unflocculated 99. 9 13,440 +34.4 supernatant that centrifuging reduces the bound water more than the sedimentation process does.
Since the T2's were measured from the slopes of the free induction decay plots, only the first T2 values may be used to examine sample properties because of the manner in which the spin echo decay was measured. The first T2 values are the shortest and are due to the solids in the samples, since solids have the fastest decay. This is so because the solids are held in a rigid matrix relative to the external magnetic field, and therefore any loss of phase coherence is due to the interference between excited protons of the sample. Once the protons have been aligned with the external magnetic field, they are not free to drift and "tip" their magnetic field unit vectors and hence lose phase coherence by interacting with inhomogeneities in the external magnetic field. However, liquids and bound water, subject to rapid exchange, are able to diffuse, do not maintain their magnetic field unit vector in the same direction, and "roll around" in the external field. This means that their decay is not governed by their interaction with each other but rather by the loss of phase coherence with the inhomogeneities in the external magnetic field (4). This property can be turned to our advantage. By measuring the T2 with a pulse, the true T2 value for the bound water can be obtained. By comparing this with the free induction decay values, a proportionality can be exploited which can be used to find the diffusion constant D (8) .
The T2 values for the solids show only a 1% difference for the centrifuged samples, whereas the values for the sedimented samples show a 13% difference. These T2 results, coupled with the comparisons of T1, strongly suggest that centrifuging destroys the physical differences of the flocculated and unflocculated solids, whereas sedimentation does not. The larger value of T2 for the unflocculated, sedimented sample relative to the flocculated, sedimented sample and the much larger value for the unflocculated supernatant (5.10 ,us) show a trend of increasing inefficiency in the relaxation process with decreasing flocculation. This result indicates that the individual particles are less tightly held together, or that the macromolecules involved are smaller than those in particles of flocculated samples, or both. This view of smaller molecules is supported by the protein sample, which showed a decrease in T2 relative to the supernatant. It is especially interesting to note that the addition of protein to the supernatant reduced the amount of bound water by 700%. This result implies that biological particulates present in the unflocculated supernatant may have been flocculated by the addition of the large macromolecule, bovine serum albumin. As discussed earlier, reduced bound water T2 values indicate flocculation. This would suggest that the addition of the albumin protein, a large macromolecule, induced some flocculation.
From the plots of the T2 data, the slope for the flocculated, sedimented sample is 380.5 s, for the unflocculated, sedi- Conclusions. These studies indicate that pulsed NMR analyses are helpful in distinguishing between flocculated and unflocculated biological sludges. Sample preparation is important in determining the results; even mild centrifugation is not recommended for sample concentration. Pulsed NMR studies show that more bound water is associated with unflocculated sludge particles than with flocculated sludges.
